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Abstract

In Arabidopsis (Arabidopsis thaliana) roots, growth initiation and cessation are organized into distinct zones. How regulatory
mechanisms are integrated to coordinate these processes and maintain proper growth progression over time remains poorly understood.
Here, we demonstrate that the peptide hormone PLANT PEPTIDE CONTAINING SULFATED TYROSINE 1 (PSY 1) promotes root
growth by controlling cell elongation. Higher levels of PSY1 lead to longer differentiated cells with a shootward displacement of
characteristics common to mature cells. PSY1 activates genes involved in the biosynthesis of flavonols, a group of plant-specific
specialized metabolites. Consistent with these transcriptional changes, metabolomic analysis reveals an enrichment of diverse flavonol
glycosides upon PSY1 treatment. Using genetic and chemical approaches, we show that PSY 1-mediated flavonol accumulation is
localized to the differentiation zone and is required for PSY1 function. PSY1 signaling in this zone is associated with a reduction of
hydrogen peroxide accumulation and a decrease in auxin-induced gene expression. These findings support a model where PSY1 signals
the developmental-specific accumulation of specialized metabolites to regulate the extent of cell elongation and progression to

maturation.

One-sentence summary

A plant peptide hormone promotes root growth in Arabidopsis by triggering the accumulation of specialized metabolites that regulate cell

elongation and progression to maturation.

Introduction

In multicellular organisms, growth involves cell proliferation and expansion. The shape and final dimensions of an organ are determined
by the balance between growth initiation and cessation. In roots, these dynamics underlie primary growth, causing the root to extend
along its longitudinal axis (Svolacchia et al. 2020). Although it is known that the establishment and maintenance of developmental
boundaries are critical for the spatiotemporal regulation of growth initiation and cessation (Zadnikové and Simon 2014), how different

regulatory networks are integrated to control the magnitude of cellular growth in roots is not well understood.

In the Arabidopsis thaliana primary root, cellular growth is initiated, maintained, and eventually terminated (Fig. 1a[AQ10], left side of
the panel; Ivanov and Dubrovsky 2013). The different cell types that constitute the root arise from generative cell divisions of stem cells
located in the stem cell niche (SCN) located at the proximal (rootward) end of the root tip. The SCN is maintained by a small group of
slowly dividing organizer cells known as the quiescent center (QC) (Heyman et al. 2014). More distally (shootward) from the QC, in the
meristematic zone (MZ), proliferating cells provide the necessary number of cells for organ growth (Ivanov and Dubrovsky 2013). Cells
stop dividing at the transition zone (TZ) but continue to grow rapidly by directional expansion in the adjacent elongation zone (EZ) (
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Beemster and Baskin 1998; Di Mambro et al. 2017; Salvi et al. 2020a). Cell elongation slows down in the distal parts of the EZ in what
is defined as the start of growth cessation (Liu et al. 2022). Finally, growth ceases in the differentiation zone (DZ), and cells mature into
their final shape and function (Cajero Sénchez et al. 2018). Because postembryonic root growth is indeterminate, these processes are
continual, resulting in a developmental gradient along the root longitudinal axis, referred to as root zonation (Fig. 1a, left side of the
panel; Scheres et al. 2002).

Figure 1
Loss of PSY 1 impairs Arabidopsis root growth. a) A scheme describing A. thaliana root zonation (left side of the panel). SCN,
stem cell niche; MZ, meristematic zone; EZ, elongation zone; DZ, differentiation zone. A 7-d-old Arabidopsis primary root
expressing a PSY ] promoter-GFP transcriptional reporter (ProPSY 1:GFP) (green) (right side of the panel). Cell walls were stained
with PI (magenta). b) Root growth, (c) root elongation rate (mm/h) (2= 47 seedlings), and (d) cortical cell length profile (n= 12
seedlings) in wt and psy! seedlings grown for 6 d on 1XMS vertical plates with or without 50 nM of synthetic PSY 1. The MZ size
(e and f, n= 12 seedlings) and mature cortical cell length (g and h, n= 100 cells) are highlighted. The limits of a representative MZ
(e) and mature cortical cells (g) are shaded in pale orange and green, respectively. i) Distance from QC to the first root hair bulge at
stage +2 (RHB 2+) (2= 23 seedlings), (j) root tip architecture, (k) length between consecutive root hairs in 1 trichoblast file
(n="178), (1 and m, n= 12 seedlings) distance from end of MZ (1) and from QC (m) to differentiated vascular elements (Diff.
protoxylem) revealed by basic fuchsin staining from wtand psy! seedlings grown for 6 d on 1XMS vertical plates with or without
50 nm of synthetic PSY1. In (j), the length between consecutive root hairs in 1 trichoblast file is highlighted in magenta. In (1), the
gray squares indicate the zone where the deposition of lignin starts in the protoxylem, as revealed with basic fuchsin staining, and
organ boundaries are marked by white dashed lines. In (c), (f), (h), (i), (k), and (m), the data shown are box and whisker plots
combined with scatter plots; each dot indicates the measurement of the designated parameter listed on the y-axis. The box spans the
interquartile range (25th to 75th percentiles), the center line denotes the median, and whiskers extend to the smallest and largest
observed values. Different letters indicate significant differences, as determined by 1-way ANOV A followed by Tukey's multiple
comparison test (P< 0.05). The purple arrowheads mark the position of the QC, the pale orange arrowheads mark the end of the
meristem, where cells start to elongate, the green arrowheads indicate the mature cortical cell size, and the magenta arrowhead
points to the first root hair bulge, defined as stage +2, indicating the end of the elongation zone in the epidermis. For presentation
purposes, images in (a), (j), and (1) were placed on a uniform background to standardize panel shape. Individual tiles were acquired
and then combined using the LSCM merging function to generate the final complete root images in (a) and (1).[AQ18][AQ19]
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To ensure proper root zonation, a combination of mechanical forces, transcriptional regulators, phytohormones, and metabolic inputs
interact to establish the developmental boundaries that maintain the balance between growth initiation and cessation (

Zluhan-Martinez et al. 2021). The transition between the MZ and EZ involves a complex interplay of phytohormones, primarily auxin



and cytokinin (Salvi et al. 2020a). Polar auxin transport (PAT) generates a gradient in the root with a maximum at the SCN. This
gradient regulates the distribution of PLETHORA (PLT) transcription factors (Blilou et al. 2005; Salvi et al. 2020b). PLT proteins also
display a graded distribution and modulate root zonation in a dosage-dependent manner: high levels are required for maintenance of the
SCN, intermediate levels induce rapid cell divisions in the MZ, and low levels facilitate cell elongation and differentiation (
Aida et al. 2004; Galinha et al. 2007; Méhonen et al. 2014). Cytokinin controls PAT and auxin degradation, generating an auxin
minimum precisely positioning the TZ (Di Mambro et al. 2017). In the elongation/differentiation transition, distinct mature cellular
characteristics such as cell wall structure (Somssich et al. 2016), microtubule orientation (Montesinos et al. 2020), root hair development
in the epidermis (Denninger et al. 2019), and lignified secondary cell walls in the protoxylem (RiZi¢ka et al. 2015), among others, point
to a pronounced shift in cell identity and function across these root regions. The interplay between regulatory mechanisms underpinning
this second developmental boundary where the cessation of rapid cell elongation and maturation of root cells occurs remains

underexplored.

Alongside classic plant hormones, small tyrosine-sulfated peptides play significant roles in the complex regulatory networks controlling
root growth and are thus candidates for signaling in the developmental trajectories in root zonation (Matsubayashi 2014;

Kaufmann and Sauter 2019). Functioning as extracellular signals, these peptide hormones synchronize cellular activities across tissues.
Typically, they bind to leucine-rich repeat receptor-like kinases (LRR-RLKS) to trigger specific signaling pathways (Ercoli et al. 2022).
Sulfation of a tyrosine residue in the peptide sequence, a posttranslational modification carried out by TYROSYLPROTEIN
SULFOTRANSFERASE (TPST), is required for signaling activity, as it regulates peptide affinity for its cognate receptor (

Komori et al. 2009; Wang et al. 2015; Song et al. 2016; Stewart and Ronald 2022). Among the best-characterized examples are the
ROOT MERISTEM GROWTH FACTOR (RGF) peptides, a family of functionally redundant signaling molecules, including RGF1,
known to control meristem size (Matsuzaki et al. 2010). RGF1 signaling regulates the spatial distribution and expression levels of PLT
transcription factors to sustain stem cell identity and promote cell proliferation (Matsuzakietal. 2010; Ou etal. 2016;

Shinohara et al. 2016). Subsequent studies showed that this regulation depends on RGF1-mediated modulation of reactive oxygen
species (ROS) gradients, which influence the oxidative environment of the meristem and enhance PLT2 protein stability to maintain
meristem size (Yamada et al. 2020). The exogenous application of RGF1 alone is not sufficient to fully complement the pst-1 mutant
phenotype; however, the addition of 2 other tyrosine-sulfated peptides, PHYTOSULFOKINE (PSK) and PLANT PEPTIDE
CONTAINING SULFATED TYROSINE 1 (PSY1), restores root growth in #pst-1 to wild-type (wt) levels (Komori et al. 2009;

Matsuzaki et al. 2010), underscoring the complementary roles of these peptide hormones in root development. The PSY family in
Arabidopsis is composed of 9 members (Amano et al. 2007; Ogawa-Ohnishi et al. 2022). To exert their function, these peptides bind to 3
cognate LRR-RLKSs known as PSYR or ROOT ELONGATION RECEPTOR KINASES (REKs)1/2/3 (Ogawa-Ohnishi et al. 2022;

Wang et al. 2022). The triple PSYR knockout (psyri23 or tri-1) displays an elongated root phenotype compared with wt plants,
suggesting that PSYR1/2/3 signaling negatively regulates root growth (Ogawa-Ohnishi et al. 2022; Wang et al. 2022). The application of
synthetic PSY peptides enhances root growth of wt and #pst knockout plants but not the triple receptor mutant, supporting a role for
PSYR1/2/3 as receptors for PSY peptides (Amano et al. 2007; Pruitt et al. 2017; Ogawa-Ohnishi et al. 2022). Among this peptide
family, PSY1 is the most extensively studied, particularly its association with the regulation of mature cell size in the root cortex and
seedling cuticle development (Amano et al. 2007; De Giorgi et al. 2021). Despite these advances, the broader contribution of PSY

signaling in plant root growth remains to be fully characterized.

Another layer of signaling that controls root development involves plant-specialized metabolites, including flavonols, a type of flavonoid
(Daryanavard et al. 2023). In Arabidopsis, the central flavonoid biosynthetic pathway is well characterized and produces 3 main
aglycone scaffolds, kaempferol, quercetin, and isorhamnetin (Saito et al. 2013). These aglycones then undergo extensive tailoring
modifications, including hydroxylation, methylation, and glycosylation, which generate the wide diversity of flavonols detected in roots (
Saito et al. 2013). The developmental roles of flavonols are best characterized using mutants that accumulate varying levels of these
metabolites. The genetic and biochemical diversity of ransparent testa (#) mutants has been instrumental in dissecting flavonoid functions
(Koornneef 1990). The use of the #4 allelic series of the CHALCONE SYNTHASE (CHS) locus, which encodes the first enzyme in
the flavonoid biosynthetic pathway, has provided a framework for understanding how differences in enzyme activity translate into
variation in flavonol accumulation and developmental outcomes (Saslowsky et al. 2000). PAT from the shoot toward the root tip is
elevated in f##4 mutants, consistent with evidence showing that flavonols function as negative regulators of auxin transport (
Brown et al. 2001; Peer et al. 2004; Lewis et al. 2011). Moreover, flavonols have been shown to stabilize PIN efflux carrier complexes,
mimicking the effect of the auxin transport inhibitor 1-naphthylphthalamic acid, thereby restricting auxin flow (Teale et al. 2021). In
addition, #4 mutants display elevated ROS levels in root hairs, consistent with the well-established antioxidant activity of flavonoids (
Agati et al. 2012; Gayomba and Muday 2020). The appearance of root hairs closer to the tip in #4 mutants is accompanied by an
increased number of root hairs due to a higher frequency of trichoblast cells in the epidermis (Gayomba and Muday 2020). Furthermore,
because ROS balance can modify auxin distribution (Pasternak et al. 2023), a complex interplay between flavonols, ROS, and auxin
transport is involved in the regulation of root development.



In this study, we demonstrate that PSY 1 regulates root growth by controlling the magnitude that cells elongate before achieving their
final, differentiated size. Integrated transcriptomic and metabolomic profiling of PSY 1-treated roots revealed a concerted induction of
flavonol biosynthetic genes and an enrichment of flavonol glycosides. Loss-of-function mutants and chemical treatments indicate that
flavonol biosynthesis is required for PSY 1-induced root growth. Consistent with known flavonol functions, PSY 1 signaling is associated
with a reduction of hydrogen peroxide accumulation and a decrease in auxin-induced gene expression. These findings indicate that root
zonation requires spatial regulation of flavonol accumulation, significantly advancing our understanding of the mechanisms that regulate

cell elongation and differentiation in Arabidopsis roots.

Results

PSY1 controls cell elongation and differentiation in primary roots

To explore the role of PSY1 in Arabidopsis (A. thaliana) primary root growth, we examined PSY/ promoter expression in Arabidopsis
roots. We found that PSY1 is highly expressed in the DZ as determined using publicly available gene expression profiles of manually
dissected root tissue segments corresponding to MZ, EZ, and DZ (Brady et al. 2007; Fig. S1a). A matching expression profile was
obtained when utilizing the single-cell Arabidopsis root atlas (Shahan et al. 2022; Fig. S1b). To validate these results, we generated 10
independent transgenic lines expressing the transcriptional reporter ProPSY1:GFP (PSY1 promoter-driven GFP) in the wt Col-0
background. We observed that PSY 1 promoter activity gradually increased in the progression of the DZ, with the GFP signal starting to
rise ~2,000 ym from the QC (Figs. 1a and Slc). Interestingly, when we analyzed ProPSY1:GFP expression in the DZ, we found that
the GFP signal was almost undetectable in the epidermis, consistent with the pattern of PSY1 expression in various root tissues at
different developmental stages, as documented in the single-cell Arabidopsis root atlas (Shahan et al. 2022; Fig.S1, b and d). Although
PSY1 is not expressed in the epidermis, the PSYR receptors, with the exception of PSYR1, are expressed more broadly in roots,
including both trichoblast and atrichoblast cells of the elongation and maturation zones (Fig. S2).

To investigate the function of PSY1 in root development, we generated ectopic expression lines in a wt background using the
constitutive 35S promoter (Pro35S:PSY1). We validated PSY1 accumulation using high-resolution mass spectrometry and quantitative
reverse transcription polymerase chain reaction (RT-qPCR) (Figs. S3 and S4a). Consistent with previous reports, these plants developed
longer primary roots (Fig. S4, b and c; Amano et al. 2007). The same phenotype was observed when wt plants were treated with
synthetic PSY 1 (Fig. S5, a to c). Exogenous application of PSY 1 also partially restored root growth in the tyrosylprotein sulfotransferase
mutant, fpst-1, which is deficient in biosynthesis of all tyrosine sulfated peptides (Fig. S5, a to c; Komori et al. 2009;
Matsuzaki et al. 2010). Synthetic PSY1 treatment did not affect the longer root phenotype observed in the psyrl,2,3 triple receptor
mutant (Fig. S6, a and b; Ogawa-Ohnishi et al. 2022; Wang et al. 2022), which supports the known role for PSYR 1/2/3 as receptors for
PSY peptides. Finally, the psy! knockout (De Giorgi et al. 2021) displayed reduced root length and elongation rates (Fig. 1, b and c).
Synthetic PSY1 treatment rescued the root growth defect in the psyl, resulting in a phenotype resembling that of wt roots subject to
PSY1 treatment (Figs. 1, b and c and S5, a to c).

To further examine the root growth phenotype, we constructed a cell length profile by measuring the length of individual cortical cells
from the QC to the DZ. In a typical cell length profile, cell length remains relatively short and constant in the MZ, sharply increases in
the EZ, and eventually levels off in the DZ, where cells attain their final size and identity (Ivanov and Dubrovsky 2013). Our profile
analysis revealed that the MZ length in psy!, Pro35S:PSY 1, and psyrl,2,3 are indistinguishable from wt plants (Figs. 1,d to f, S4, d to f
and S6, c to e). Additionally, the short MZ in fpst-/ mutants remained unaffected when grown in media supplemented with synthetic
PSY1 (Fig. S5, d to f). Consistent with these findings, the expression and distribution of the G2-to-mitosis transition marker
CYCLINBI;1, commonly used to assess cell proliferation in the MZ (Ivanov and Dubrovsky 2013), were unchanged in the plants
expressing ectopic PSY1 (Fig. S7, a to d). These results indicate that PSY 1 does not regulate cell proliferation in the MZ.

Because the establishment of the TZ relies on the auxin/PLETHORA/cytokinin regulatory node (Galinha et al. 2007;
Di Mambro et al. 2017; Salvi et al. 2020a), we investigated the responses of this molecular network following synthetic PSY1 treatment.
‘We observed no significant differences in the intensity and distribution of auxin-induced gene expression and cytokinin response reporter
lines (DR5v2:n3GFP [Liao et al. 2015] and pTCSn::GFP [Liu and Miiller 2017], respectively) compared with untreated plants (Fig. S7,
e to h). Additionally, there were no differences in localization and expression of PLETHORA1 (PLTI) between PSY 1-treated and
untreated plants based on our analysis of a transcriptional reporter line (ProPLT1:CFP) (Fig. S7, i to k). Because PLT1 expression is also
controlled post-translationally (Matsuzaki et al. 2010; Yamada et al. 2020), we evaluated the response of a plant expressing translational
fusion (ProPLT1-PLT1:YFP). ProPLTI-PLT1:YFP expression did not change in response to PSY1 treatment (Fig. S7, 1 to n). In
contrast, when treated with ROOT MERISTEM GROWTH FACTOR 1 (RGF1), a small tyrosine-sulfated peptide known to regulate
MZ size by stabilizing PLT proteins, the PLT1-YFP signal showed an enhanced and broader expression in the MZ. Together, these
results show that PSY 1 does not modify the position of the TZ and, therefore, does not affect the size of the MZ.
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Next, we leveraged the cell length profiles to investigate the role of PSY1 in the control of cell elongation. We found that where the
cortical cells in the psyl mutant reached their final cell size, cortical cells were still elongating in the wt plant, suggesting a premature exit
from elongation in the mutant (Fig. 1d). Consistent with this, psy/ mutants exhibited significantly shorter mature cortical cells compared
with wt (Fig. 1, d, g, and h). Conversely, when psy/ mutants were grown in media supplemented with synthetic PSY 1, the cortical cells
continued to elongate, whereas cells in the wt stalled, resulting in significantly longer mature cortical cell sizes compared with those of wt
plants (Fig. 1, d, g, and h). Similar effects were observed in #pst-1 plants grown in media supplemented with PSY1, as well as in wt
plants expressing Pro35S:PSY1 and in the triple receptor mutant psyr/,2,3 (Figs. S4, d, g, h, S5, d, g, h and S6, c, f, g). These findings
denote a role for PSY 1 primarily controlling root growth by defining the extent to which cells elongate before cells reach their final,
differentiated size.

If our hypothesis is correct, PSY 1 may also affect the distance from the QC at which cell elongation slows down in other tissues. In the
trichoblast cell files of the epidermis, the onset of root hair development marks the cessation of rapid cell elongation, followed by minimal
further cell elongation as these cells attain their mature size (Le et al. 2004). To explore this in the context of PSY1 signaling, we
measured the distance from the root tip to where the first root hair bulge at stage +2 can be identified (Denninger et al. 2019). Notably, in
psyl mutants, we observed that this distance is reduced compared with wt plants (Fig. 1, i and j). In line with a premature appearance of
root hairs and exit of cell elongation, the length between consecutive root hairs in 1 trichoblast file was reduced in psy! (Fig. 1, j and k).
Additionally, secondary cell wall formation, as evidenced by the characteristic helical lignin pattern, a maturation cue in the tracheary
elements of protoxylem (PX) (Li et al. 2022), appeared closer to the root tip of psy! plants as visualized using basic fuchsin staining (
Fig. 1, 1 and m). These findings suggested that in psy! mutants, hallmarks of maturation in different tissues have shifted toward the root
tip. In contrast, growing psy/ mutants in media supplemented with synthetic PSY1 led to root hair initiation farther from the root tip,
increased distance between root hairs in a single trichoblast cell file, and shootward displacement of lignin deposition in PX (
Fig. 1, i to m). Similar effects were observed in fpst-1 plants grown in media supplemented with PSY 1, as well as in wt plants expressing
Pro35S5:PSY1 and in the triple receptor mutant psyrl,2,3 (Figs. S4, i to m, S5, i to m, and S6, h to 1). Altogether, these results indicate
that PSY1 functions as a crucial signal necessary for a normal root zonation.

PSY1 regulates genes highly expressed in elongation and DZs

To investigate how PSY1 controls root zonation, we carried out RNA-sequencing (RN A-seq) profiling of roots treated with synthetic
PSY 1. For these experiments, we harvested the root tips, including the DZ, from 5-d-old wt seedlings treated with PSY1 for 4 h (Fig. 2a
). Because seedlings need to be treated with synthetic PSY1 for at least 24 h to exhibit root zonation changes (Fig. S8, a and b), this
suggests that the changes observed in RNA level modifications in this experiment are unlikely to result from anatomical alterations. The
RNA-seq analysis revealed that 253 genes (92 increased and 161 decreased transcriptional abundance) were differentially expressed after
4 h of PSY1 treatment (Data Set S1).

Figure 2
PSY 1 regulates genes highly expressed in the elongation and DZs. a) Seedlings were grown on a permeable mesh placed on a
clear agar substrate. After 5-d, seedlings were transferred to a control medium or medium containing PSY1 (50 nm) by moving the
mesh to the selected media. After 4 h, samples were harvested. RN A was extracted from designated root zones. b) Scheme of a
root showing developmental zones. Horizontal lines define the sections (L1-L12) of the longitudinal Root Gene Expression Atlas (
Brady et al. 2007). Col, Columella. Sections 1 to 6 comprise the MZ; 7 and 8, the Elongation zone (EZ); and 9 to 12, the DZ.
Expression along the root's longitudinal axis of genes activated (c) or repressed (d) after PSY1 treatment. Z-scores were calculated
across samples and expressed as a heat map. The double red line separates genes preferentially expressed in columella and
meristematic regions (left) from those that present a maximum expression in the elongation and DZ (right). e) Bubble plot for
KEGG pathway enrichment analysis of genes activated or repressed after PSY1 treatment (Data Set S3). The y-axis shows the

FDR in a negative Log( scale, whereas the x-axis is fixed, and terms from the same KEGG subtree are located closer to each

other. The size of each circle represents the term Fold Enrichment in the Log;( scale.[AQ20][AQ21]
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Given the role of PSY1 controlling growth by determining the magnitude of cell elongation and mature cell size without affecting cell
proliferation, we anticipated that genes downstream of PSY1 signaling would primarily be expressed outside the MZ. To test this
hypothesis, the expression patterns of the PSY 1-responsive genes were analyzed in the developmental stage-specific gene expression
database (Brady et al. 2007; Fig. 2, b to d). We found that 57% of the genes with increased transcript abundance following PSY1
treatment (51 out of 89 genes) (Fig. 2¢) and 80% of the genes with decreased transcript abundance (117 of 146 genes) (Fig. 2d) exhibited
a peak of expression in a region corresponding to the EZ and DZ. This spatial pattern shows that PSY1 controls genes preferentially
expressed in the same zones of the root where the PSY 1-associated phenotypes are observed.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were conducted to
explore the functions of PSY 1-responsive genes (Figs. 2e, S8, ¢ andd and Data Sets S2 and S3). Notably, secondary metabolic
processes and flavonol biosynthetic pathways were significantly enriched categories among the genes with increased transcript
abundance following PSY1 treatment (Figs. 2e, S8c and Data Sets S2 and S3). Flavonols, a class of flavonoids that are specialized
metabolites in plants, include compounds such as quercetin and kaempferol, along with their glycosylated derivatives, which are
commonly found in Arabidopsis roots (Saito et al. 2013). Enzymes responsible for synthesizing these 2 specific flavonol scaffolds were
upregulated in response to PSY1 treatment (Fig. 3, a and b and Data Set S1). Additionally, the transcription factor MYB12, which is
known to control flavonol biosynthesis primarily in the root (Mehrtens et al. 2005; Stracke et al. 2007), the multidrug and toxin efflux
flavonoid transporter DTX35 (Thompson et al. 2010), the RHAMNOSE SYNTHASE RHMI1/ROL1 (Ringli et al. 2008), and the
3-KETOACYL-COA THIOLASE isoform KATS5 (Perez de Souza et al. 2020) were also upregulated by PSY1 treatment (
Fig. 3, aand b and Data Set S1). KAT5 and RHM1 were previously shown to be closely associated with genes involved in flavonoid
biosynthesis in a co-expression analysis (Yonekura-Sakakibara et al. 2008). Furthermore, our time course study of whole seedlings
treated with synthetic PSY1 coupled with RT-qPCR demonstrated that a subset of genes differentially regulated after 4 h of PSY1
treatment maintained their expression levels at 8, 12, and 48 h (Fig. S8g).

Figure 3
PSY 1 regulates genes that code for enzymes involved in the production of flavonols. a) Flavonoid biosynthetic pathway. Circles
represent the flavonoid biosynthesis enzymes. The metabolites are labeled with rectangular boxes. Yellow circles are the genes
coding for enzymes activated after PSY1 treatment, with circle size proportional to the fold-change (FC) in transcript abundance.
Yellow circles with red borders denote the genes coding for enzymes that are also positively regulated by MYB 12, according to (
Stracke et al. 2007). b) Summary table of differentially expressed genes following PSY1 treatment, including Locus ID, FC, FDR,
and gene names (Data Set S1). FC values represent transcript abundance in PSY 1-treated roots relative to untreated control roots.
Genes that are part of the pathway but not regulated by PSY 1 include: C4H, cinnamic acid 4-hydroxylase; A CC, acetyl-CoA
carboxylase; OMT1, o-methyltransferase 1; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; ANR,
anthocyanidin reductase; F3ARA T, flavonol 3-o-arabinosyltransferase; F7GIcT, flavonol 7-o-glucosyltransferase; F7RhaT,
flavonol 7-o-thamnosyltransferase. Names of the mutant lines of genes coding for enzymes used in subsequent experiments are in
parentheses (Table S1).[AQ22][AQ23]
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Recent research has suggested that PSY-family peptides play a role in repressing PSYR function, thereby facilitating growth (
Ogawa-Ohnishi et al. 2022). To further explore this hypothesis, we investigated whether synthetic PSY1 treatment could mimic the
effects of PSYR loss at the molecular level. We conducted KEGG pathway enrichment analysis using the 1,947 genes with increased
transcript abundance in the triple PSYRs mutant background (psyrl,2,3 or tri-1), as reported by (Wang et al. 2022). Notably, categories
related to flavonoid and phenylpropanoid biosynthesis were significantly enriched (Fig. S8e and Data Set S4). Additionally, among the
41 genes with increased transcript abundance following both PSY1 treatment and the triple PSYR mutant, 13 were associated with
flavonol biosynthesis (Fig. S8f). Collectively, these findings indicate that synthetic PSY1 treatment and PSYR loss both increase the

expression of genes involved in the biosynthesis of specialized metabolite intermediates.

PSY1 regulates flavonol accumulation in the DZ

Previous studies have revealed that flavonoid accumulation is developmentally regulated and occurs in a tissue-specific manner,
matching the expression pattern of genes involved in early flavonoid biosynthesis (Jackson et al. 1992; Peer et al. 2001). Using publicly
available transcriptomics data sets of manually dissected root tissue segments corresponding to MZ, EZ, and DZ (Brady et al. 2007), we
found that the expression of genes that produce the majority of flavonols, including CHALCONE SYNTHASE (CHS), CHALCONE
ISOMERASE (CHI) , CHALCONE ISOMERASE-LIKE (CHIL) , FLAVANONE 3-HYDROXYLASE (F3H) , FLAVONOID
3-HYDROXYLASE (F3’H), and FLAVONOL SYNTHASE 1 (FLS1) exhibit similar expression patterns in the root, with peaks of
expression at the end of the MZ and in the DZ (Fig. S9a). Consistent with this, MYB 12, which regulates the expression of these genes (
Stracke et al. 2007; Fig. 3), reaches its maximum expression level in the DZ (Fig. S9a). Also, as previously described in the analysis of
the tissue-specific localization of these proteins (Gayomba and Muday 2020), these genes appeared highly expressed in ground tissue
and stele, but they were barely detected in the epidermis (Fig. SOb; Shahan et al. 2022).

Because PSY1 phenotypes were observed in the EZ and DZ, we hypothesized that PSY 1 may specifically regulate the biosynthesis of
these specialized metabolites in these developmental zones. To test this, we analyzed ProCHS:CHS-GFP and ProFLS1:FLSI-GFP
reporter lines (Fig. 4, a and f). These lines express CHS and FLS1 fused to GFP under the control of their native promoters. We found
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that synthetic PSY1 treatment increased GFP expression of both ProCHS:CHS-GFP and ProFLS1:FLS1-GFP in the DZ (
Fig. 4,b,c, gand h). No significant changes were observed at the end of the MZ or the onset of root hair development (
Fig. 4,d, e,iand ).

Figure 4
PSY1 promotes CHS and FLS1 expression in the DZ. Expression of GFP reporter lines of CHS (ProCHS:CHS-GFP) (a to e) and
FLS1 (ProFLS1:FLS1-GFP) (f—to j). The images in (a) and (f) show GFP fluorescence in green and cell walls stained with PI in
magenta in the middle focal plane. In the regions marked by rectangles, ProCHS:CHS-GFP (b to e) and ProFLS1:FLS1-GFP (g to
j) GFP intensity was quantified in 6-d-old seedlings transferred to 1XMS vertical plates with or without 100 nm of synthetic PSY 1
for 6 h. Sum projections generated from 30 z-section images for each region were used for this quantification. In (c) and (h), are
representative maximum projections of the DZ to illustrate increased CHS and FLS1 signal following PSY 1 treatment. GFP
fluorescence intensity profile is shown using RGB-rainbow false color with its color scale bar; white dashed lines mark organ
boundaries. In (b), (d), (e), (g), (i), and (j), the fluorescence intensity is plotted as a fold change relative to the control. The data
shown are box and whisker plots combined with scatter plots; each dot represents an independent seedling measurement. The box
spans the interquartile range (25th to 75th percentiles), the center line denotes the median, and whiskers extend to the smallest and
largest observed values. Representative images of 2 independent experiments (2= 10 to 12 seedlings/experiment) are shown. In
(b), (d), (), (g), and (i) P-values are calculated by a 2-tailed Student's #test. In (j), P-values were calculated using a 2-tailed Welch's
ttest The purple arrowheads mark the position of the QC, the pale orange arrowheads mark the end of the meristem, where cells
start to elongate, and the magenta arrowhead points to the first root hair bulge, defined as stage +2, indicating the end of the
elongation zone in the epidermis. For presentation purposes, images in (a) and (f) were placed on a uniform background to
standardize panel shape. Individual tiles were acquired and then combined using the LSCM merging function to generate the final
complete root images in (a) and (f).[AQ24][AQ25]
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We next investigated whether CHS and FLS expression patterns correlate with metabolite accumulation. For these experiments, we
utilized the flavonol-specific dye diphenylboric acid 2-aminoethyl ester (DPBA). Kaempferol-DPBA (K-DPBA) and quercetin-DPBA
(Q-DPBA) exhibit distinct spectral properties, enabling independent quantification of these 2 flavonols (Lewis et al. 2011). Consistent



with the localization of flavonol biosynthetic enzymes, K-DPBA and Q-DPBA signals were detected both at the end of MZ and in the
DZ (Fig. 5a), with fluorescence peaking 300 ym from the root tip (Gayomba and Muday 2020). To visualize and quantify DPBA
fluorescent signals along the root longitudinal axis, we generated plot profiles for K-DPBA and Q-DPBA fluorescence intensity from the
QC to the DZ (Fig. 5, a and b). In PSY 1-treated roots, K-DPBA and Q-DPBA fluorescence became significantly stronger in the DZ,
~5,300 pm from the QC (Fig. 5, a and b). Because the images used for these profiles were obtained using the middle focal plane of the
root, we also measured K-DPBA and Q-DPBA fluorescence intensity using z-stacks covering the complete root width and observed a
significant increase in DPBA signal in the DZ (Fig. 5, e and f), while no change was evident in the TZ (Fig. 5, c and d). We observed a
similar pattern in the psyrl/,2,3 mutant, in which K-DPBA and Q-DPBA fluorescence accumulated in the DZ without significant
changes in the MZ (Fig. S10). These results indicate that PSY1 induces upregulation of genes encoding flavonoid biosynthetic enzymes
and accumulation of flavonols in the DZ.

Figure 5
PSY 1-dependent flavonol accumulation in root tissue and exudates. a) Five-day-old wt seedling roots were stained with DPBA
(2-aminoethyl diphenylboric acid) after 24 h with or without 250 nM PSY 1 treatment. DPBA is a probe that allows visualization of
Kaempferol (green, K-DPBA) and Quercetin (yellow, Q-DPBA) flavonols. Images are scaled to correspond to the y-axis of the
plot profile in (b). b) Plot profiles of DPBA fluorescence in 5-d-old wt seedlings grown with or without PSY1 250 nMm for 24 h.
Data are mean + SEM. of n= 12 seedlings. The asterisk at ~5,300 ym from the QC represents the shortest distance at which the
values for K and Q-DPBA fluorescence in the presence of PSY 1 became significantly different (P< 0.05) from the controls as
determined by unpaired 2-tailed Student's #test. The fluorescence intensity of K-DPBA and Q-DPBA was quantified in the TZ (¢
and d) and in the DZ (e and f) using sum projections generated from 30 and 50 z-section images, respectively, for each region. In
(c) and (e), the fluorescence intensity is plotted as a fold change relative to the control. The data shown are box and whisker plots
combined with scatter plots; each dot represents an independent seedling measurement. The box spans the interquartile range (25th
to 75th percentiles), the center line denotes the median, and whiskers extend to the smallest and largest observed values.
Representative images of 2 independent experiments (2= 10 to 12 seedlings/experiment) are shown. In (c) different letters indicate
significant differences, as determined by 1-way ANOV A followed by Tukey's multiple comparison test (P< 0.05). In (e), different
letters indicate significant differences as determined by Brown—Forsythe and Welch ANOVA followed by Dunnett's T3 multiple
comparisons test (P< 0.05). (g) PCA of Arabidopsis root exudate features performed using normalized peak height data acquired
by hydrophilic interaction liquid chromatography in positive ionization mode (filtered features, n= 1,077). Each symbol represents
an individual biological replicate; blue symbols denote 6-d-old wt seedlings transferred to mock plates, whereas magenta symbols
represent 6-d-old wt seedlings transferred to plates supplemented with 250 nM PSY1 for 24 h before exudate collection. (h)
Feature-based molecular networking of flavonol compounds by NPClassifier was generated using GNPS-annotated features
(MQScore > 0.7). Node colors reflect the log, fold change (PSY 1-treatment vs. mock), with white nodes present in the network
but not detected in Arabidopsis exudates. Black-bordered nodes indicate compounds that are not significantly increased by the
treatment, while red-bordered nodes highlight significantly increased flavonols. In (h), P-values are calculated by a 2-tailed
Student's #test. The purple arrowheads mark the position of the QC, the pale orange arrowheads mark the end of the meristem,
where cells start to elongate, and the magenta arrowhead points to the first root hair bulge, defined as stage +2, indicating the end
of the elongation zone in the epidermis. For presentation purposes, images in (a) were placed on a uniform background to
standardize panel shape. Individual tiles were acquired and then combined using the LSCM merging function to generate the final
complete root images in (a).[AQ26][AQ27]
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To validate and complement the DPBA staining results, root exudates were collected from 6-d-old wt seedlings grown for 24 h on plates
with or without synthetic PSY 1. Because root exudates are derived from the root tissues, we have extracted metabolites from the media
using methanol and profiled them on an LC-MS/MS platform (Data Set S5). Principal component analysis (PCA) of 1,077 filtered
features from LC MS/MS performed using hydrophilic interaction liquid chromatography (HILIC-Z) in positive ionization mode,
revealed distinct clustering between exudates from mock and PSY 1-treated samples (PERMANOVA R’= 0.372, F=3.549, P=0.02;
Fig. 5g). Further analysis identified features with annotation, defined by an MQScore (cosine score) > 0.7 against a Global Natural
Products Social Molecular Networking (GNPS) reference library, and from these we focused on features that NPClassifier putatively
assigns to “Flavonols,” “Flavones,” or “Flavanones” (Data Set S6). This process yielded 27 features used to construct a molecular
network (Data Set S7), in which nodes were color-coded based on the average peak height Log,fold change between PSY 1-treated and
control samples. In Arabidopsis exudates, 16 of these features were detected, all of which were enriched in PSY 1-treated samples, with
10 showing statistically significant differences (#test, P< 0.05; Figs. 5h and S11). These features were absent in exudates collected from
tt4-11 mutants, which harbor a mutation in the CHALCONE SYNTHASE gene, providing further evidence of the chemical identity of
these features (Fig. S11). Additionally, exudates from 7-d-old Pro35S:PSY1 seedlings accumulated significantly higher levels of the
same features compared with wt, whereas the psy! exhibited a non-significant trend toward reduced levels (Fig. S11). Comparable
results were obtained using HILIC-Z in negative ionization mode and reverse-phase C18 chromatography in both positive and negative
ionization modes (Data Sets S5 to S8 and Fig. S12). Combining all these data, the final annotated list includes putative flavonols such as
quercetin, kaempferol, and isorhamnetin, with diverse glycosylation patterns, for instance, kaempferol- 3-O-glucoside-7-O-rhamnoside,
Quercetin 3-(2-glucosylrhamnoside), and isorhamnetin-3-O-rutinoside (Data Set S8). These features were further validated using
standards through targeted metabolomic analysis (Data Sets S9 and S10). Thus, PSY1 up-regulation of flavonoid biosynthetic genes is
associated with increased flavonoid accumulation in roots, as indicated by a stronger DPBA signal, and further supported by elevated
levels of glycosylated flavonols detected in root exudates

Flavonol biosynthesis is required for PSY1-induced root growth

We then explored whether PSY 1 could enhance root growth in flavonoid-deficient mutants, also known as transparent testa (tt), due to
their seed coat color phenotype (Appelhagen et al. 2014). We tested 4 out of 11 flavonoid pathway genes that were upregulated by
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PSY1 treatment in our RNA-seq dataset (Fig. 3). The selection included Col-O plants with mutations in early flavonoid biosynthesis
steps: #t4-11 (chs) and #5-2 (chi) that lack of flavonoids (Gayomba and Muday 2020), as well as #7-7 (3’h), which contains a T-DNA
insertion in the gene encoding F3’H (Appelhagen et al. 2014) and is known to accumulate only kaempferol. We also examined mybI12,
which carries a mutation in the MYB 12 transcription factor and does not accumulate flavonols in the root (Stracke et al. 2010). We also
utilized multiple single- and double-point mutant alleles available in the Ler genetic background, including 85 (#4), 86 (£5), 88 (#7), and
8592 (1t41t7) (Peer et al. 2001; Buer and Djordjevic 2009).

We then generated multiple independent transgenic lines expressing Pro35S:PSY1 in wt and flavonol-deficient plants in the Col-0
genetic background (Figs. 6 and S13a). The Ler mutants were subjected to synthetic PSY1 treatment (Fig. S14). We found that PSY'/
ectopic expression or synthetic PSY1 treatment led to significantly longer primary roots only in wt seedlings (Figs. 6a, S13e and S14a).
Under our growth conditions, the flavonoid biosynthetic enzyme mutants developed longer MZ compared with the wt, as previously
observed by Silva-Navas et al. (2016), with the exception of 85 (#4) and 8592 (#41t7) in the Ler genetic background providing an
example of how identical mutations can yield distinct phenotypes in different genetic backgrounds (Figs. S13, b to d and S14b). In line
with our previous finding that PSY1 does not control the position of the TZ, ectopic PSY! expression or synthetic PSY 1 treatment did
not affect the MZ length in both wt and flavonoid-deficient mutants (Figs. S13, b to d and S14b). To validate these results, we also
compared MZ cell number in Pro35S:PSY1 vs. empty vector (EV, as control) in wt and #4-11 using a cortical cell length profile
(Fig. S13, b and c) and detected no significant changes in the MZ size. Moreover, we found that the cell elongation profiles were almost
indistinguishable between #4-11 with ectopic PSY! expression (tt4-11-Pro35S:PSY1) and t4-11 with EV. In contrast, Pro355:PSY1
expression in a wt background caused a significant increase in mature cell length (Figs. 6, b and c, S4d and S13, b and f). In #4-11 and
8592 (t41t7) mutants, mature cortical cells were shorter than in wt, and their size was less responsive to PSY/ expression (
Figs. 6, b and c, S13f and S14, c and d). Despite no significant differences in mature cortical cell length observed among other mutants
compared with the wt, we successfully confirmed a consistently reduced response to both PSY/ overexpression and synthetic PSY 1
treatment (Figs. 6, b and ¢, S13f and S14, c and d). These data suggest that PSY 1-mediated control of mature cortical cell size relies on

both kaempferol and quercetin accumulation.

Figure 6
Flavonol biosynthesis is required for PSY 1 control of root zonation. a) Root elongation rate (mm/h) (n= 10 to 15 seedlings), (b and
c) mature cortical cell length (2= 60 to 80 cells), (d) root tip architecture, (e) distance from the end of the MZ to first root hair bulge
at stage +2 (RHB 2+) (2= 8 to 10 seedlings), (f) length between consecutive root hairs in 1 trichoblast file (7= 40 to 50) in
7-d-old independent homozygous transgenic lines that accumulated higher levels of PSY1 (Pro35S: PSY 1) with EV control
generated in Col-0 and mutant plants defective in flavonol biosynthesis (#4-11, #5-2, tt7-7, and myb12). Only one homozygous
transgenic line overexpressing PSY is included in this figure; 2 more lines with similar results are presented in Fig. S13. In (c), the
limits of a representative mature cortical cell are shaded in green. In (c), the image is a single focal plane. In (d), the length between
consecutive root hairs in 1 trichoblast file is highlighted in magenta. In (a), (b), (¢), and (f), the data shown are box and whisker
plots combined with scatter plots; each dot indicates the measurement of the designated parameter listed on the y-axis. The box
spans the interquartile range (25th to 75th percentiles), the center line denotes the median, and whiskers extend to the smallest and
largest observed values. Different letters indicate significant differences, as determined by 1-way ANOV A followed by Tukey's
multiple comparison test (P < 0.05). The purple arrowheads mark the position of the QC, the pale orange arrowheads mark the end
of the meristem, where cells start to elongate, the green arrowheads indicate the mature cortical cell size, and the magenta
arrowhead points to the first root hair bulge, defined as stage +2, indicating the end of the elongation zone in the epidermis. For
presentation purposes, images in (d) were placed on a uniform background to standardize panel shape.[AQ28][AQ29]
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We also observed that in the #t4-11 mutant, root hairs developed significantly closer to the end of the MZ compared with wt plants (
Figs. 6, d and e and S13g). This phenotype was also observed in all flavonol-deficient mutants in the Ler background (Fig. S14e). These
findings align with previous studies indicating that #4-/1 mutants exhibit a higher number of root hairs in a region closer to the TZ (
Gayomba and Muday 2020). Gayomba and Muday (Gayomba and Muday 2020) also found that the length between consecutive root
hairs in 1 trichoblast file was reduced in #4-11 compared with wt; we observed a similar trend. However, under our growth conditions,
these results were not statistically significant (Figs. 6, d and f and S13h). Together, these results suggest that morphological signs of
differentiation are shifted toward the root tip in flavonol-deficient plants, emphasizing the role of flavonol biosynthesis in proper root
zonation. Additionally, when examining root hair initiation, we found that it occurred farther away from the root tip in wt plants
expressing PSY 1 ectopically or grown in media supplemented with synthetic PSY 1. This significant response was not observed in other
flavonoid mutants tested (Figs. 6, d to f, S13, g and h and S14e).

To further validate the requirement of flavonoids for PSY signaling, we examined the genetic interaction between PSY receptors and
flavonoid biosynthesis. Because transcriptomic analysis of psyrl,2,3 roots showed up-regulation of flavonoid biosynthetic genes
(Fig. S8e), we generated a quadruple mutant combining psyrl,2,3 with the flavonoid-deficient allele #4-11 (psyrl,2,3 x tt4-11). The
long-root phenotype observed in psyrl,2,3 was partially suppressed in the psyrl,2,3 x tt4-11 mutant (Fig. S15a). Cellular analysis further
revealed that these plants exhibited a longer MZ compared with wt, similar to #4-71 (Fig. S15, b and c). Moreover, the psyr!,2,3 x tt4-11
mutant was indistinguishable from wt when we measured the distance from the end of MZ to the first root-hair bulge at stage +2, the
distance between consecutive root hairs within a trichoblast file, and the length of mature cortical cells (Fig. S15, d to h). Together, these

genetic interactions indicate that flavonoid accumulation is required for PSY signaling mediated by PSYR receptors.

Synthetic naringenin treatment phenocopies PSY1 treatment

To test the role of flavonols in root zonation, we treated plants with naringenin, a flavonoid precursor, and compared them with plants

treated with PSY 1. We hypothesized that increasing flavonol levels in the DZ would mimic the effects of PSY/ overexpression.

First, we confirmed that naringenin could be converted to different flavonol products in #4-11 roots by detecting the K-DPBA and
Q-DPBA signals and comparing those values to a wt plant (Fig. S16a). For this, we tested a range of concentrations of naringenin (10,
25, or 50 gam) and found that K- and Q-DPBA signals increased in response to the higher concentrations of synthetic naringenin supplied
to the plants, reflecting a dose-dependent accumulation of flavonols (Fig. S16b). Next, we examined whether naringenin could rescue
root elongation defects in the fpst-1 mutant as PSY1 does. For this experiment, we transferred 5-d-old #pst-1 seedlings to plates with
different concentrations of naringenin (10, 25, or 50 gm) or PSY1 (50 nm) and measured root elongation after 48 h. Although all
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naringenin treatments increased root length compared with untreated controls, the strongest and significant effect was observed at 25 pm
(Fig. S16c).

We then analyzed the cell length profile of #pst-1 cortical cells from the QC to the DZ and observed a striking similarity between PSY 1
and 25 pM naringenin treatments (Fig. S16, ¢ and d). It has been previously shown that 8-d exposure to quercetin significantly reduced
root meristem size in the wt background (Silva-Navas et al. 2016). However, we found that none of the treatments altered the size of the
MZ in tpst-1, indicating that under these conditions, naringenin did not affect the position of the TZ in this mutant background
(Fig. S16d). To examine how naringenin affects cell elongation in fpst-/ mutants, we measured the mature cortical cell length and the
length between consecutive root hairs in 1 trichoblast file in fpst-1 plants treated with 25 M naringenin. We found that both parameters
increased, mimicking the effects of PSY1 treatment in this mutant (Figs. 7, a to d and S16, e and f). In agreement with the root elongation
results, 10 and 50 @M naringenin treatment produced intermediate phenotypes: although significantly different from wt, their effects on
distance between root-hair and mature cortical cell length did not reach the magnitude observed with 25 gM naringenin or PSY1
treatment (Fig. S16, e and f). These results suggest that either naringenin itself or the flavonols accumulated upon naringenin treatment
can act downstream of the PSY1 signaling pathway to control the magnitude of cell elongation.

Figure 7
Exogenous treatment with naringenin rescues cell expansion defects in fpst-1. a and b) Mature cortical cell length (2= 50 cells), (c)
root tip architecture, and (d) length between consecutive root hairs in 1 trichoblast file (z= 100 cells) in 5-d-old wt and #pst-1
seedlings grown for 48 h in control conditions (—) (either 1XMS or 1XMS supplemented with EtOH) or treated with 50 nm PSY
(+) or 25 g naringenin (+). In (a), the limits of a representative mature cortical cell are shaded in green. This image is a single
focal plane. In (c), the length between consecutive root hairs in 1 trichoblast file is highlighted in magenta. In (b) and (d), the data
shown are box and whisker plots combined with scatter plots; each dot indicates the measurement of the designated parameter
listed on the y-axis. The box spans the interquartile range (25th to 75th percentiles), the center line denotes the median, and
whiskers extend to the smallest and largest observed values. Different letters indicate significant differences, as determined by
1-way ANOVA followed by Tukey's multiple comparison test (P < 0.05). The purple arrowheads mark the position of the QC, the
green arrowheads indicate the mature cortical cell size, and the magenta arrowhead points to the first root hair bulge, defined as
stage +2, indicating the end of the elongation zone in the epidermis. For presentation purposes, images in (c) were placed on a
uniform background to standardize panel shape.[AQ30][AQ31]
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Changes in PSY1 signaling alter auxin-induced gene expression and HyO»
accumulation

Our results indicated that PSY 1-induced root growth required flavonol biosynthesis in the DZ. We next looked for potential flavonol
targets involved in this process. Flavonols are known to affect root growth through 2 mechanisms: regulation of PAT through inhibition
of PIN-mediated auxin efflux and maintenance of ROS homeostasis (Daryanavard et al. 2023). Based on these reports, we assessed
whether PSY 1 abundance altered either of these processes.

We first assessed possible changes in ROS quantity or distribution in response to PSY1 signaling using nitro blue tetrazolium (NBT)
staining to detect 02~ and BES-H,0,-Ac fluorescence to detect HyO, (Yamada et al. 2020). We used RGF1-treated plants as a control

because RGF1 is known to alter ROS accumulation to control MZ size (Yamada et al. 2020). RGF1 increased total NBT intensity in the
MZ (Fig. S17, c and d), but loss or ectopic expression of PSY/ in psyl or Pro35S:PSY 1, respectively, did not affect NBT intensity
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(Fig. S17, a to d). These results provide further evidence that PSY1 does not regulate MZ size in a ROS-dependent manner. It has been
proposed that flavonol modulation of ROS accumulation is one of the mechanisms driving root hair initiation (
Gayomba and Muday 2020). We, therefore, hypothesized that PSY1 signaling may affect root hair development by modulating H,O,
levels in the root epidermis. To test this, we measured H,O, accumulation in the epidermis along the root longitudinal axis using
BES-H,0,-Ac. We compared BES-H,0,-Ac fluorescence intensity in wt, psyl, Pro355:PSY1, and RGF-treated plants. RGF1
treatment led to a longer MZ with lower BES-H,0,-Ac fluorescence intensity compared with the untreated control (Fig. S17, e and f;
Yamada et al. 2020). In contrast, we found that Pro35S:PSY 1 plants had lower H,O, levels than wt plants, while psy ! plants had higher
H,0, levels, although the overall HyO, epidermal profile remained the same as wt (Figs. 8, a and b and S18a). Notably, the effect of

Pro35S:PSY1 is lost in tt4-11, indicating that the ability of PSY1 to control ROS accumulation in the epidermis requires flavonol
biosynthesis (Figs. 8, ¢ and d and S18b).

Figure 8
PSY1 reduction of HyO, accumulation in the epidermis requires flavonoid biosynthesis. (a and c) Representative epidermal H,O,
accumulation along the root longitudinal axis using BES-H202-Ac (BES) of psyl, wt, and Pro35S:PSY1 (a) and t#t4-11XEV,
tt4-11x Pro35S:PSY1-1 and tt4-11x Pro355:PSY 1-4 (c) 6-d-old seedlings. BES fluorescence intensity profile is shown using
RGB-rainbow false color with its color scale bar; organ boundaries are marked by white dashed lines. In (a) and (c), images are
scaled to correspond to the y-axis of the plot profile in (b) and (d). b and d) Plot profiles of epidermal BES fluorescence in psy1,
wt, and Pro355:PSY1 (b) and tt4-11XEV, tt4-11XPro35S:PSY1-1 and tt4-11XPro35S:PSY 1-4 (d) 6-d-old seedlings. Data are
mean + SEM. of n= 13 to 15 seedlings. For presentation purposes, images in (a) and (c) were placed on a uniform background to
standardize panel shape. Individual tiles were acquired and then combined using the LSCM merging function to generate the final
complete root images in (a) and (c).[AQ32]
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We then examined the effect of PSY1 on auxin-induced gene expression in the root stele with the DR5v2:3nGFP reporter (

Liao et al. 2015). In agreement with previous observations, a 6-d treatment with synthetic PSY1 did not alter auxin-induced gene
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expression in the meristem (Figs. 9, a and ¢, S7, e and f). Similarly, DR5v2:3nGFP expression in the meristem zone of the psy/ mutant
was unchanged compared with wt (Fig. 9, b and d). Notably, synthetic PSY1 treatment reduced DR5v2:3nGFP signal in the stele
starting ~1,500 gm from the QC; in contrast, in the psy/ mutant, reporter expression was increased (Fig. 9, a to d). Given that elevated
auxin levels can lead to cell wall alkalization and inhibit cell elongation (Barbez et al. 2017; Serre et al. 2023), we hypothesize that
increased DR5v2:3nGFP activity in the psyl mutant signals a halt in cell growth, whereas reduced DR5v2:3nGFP expression in the

EZ/DZ of PSY 1-treated roots promotes continued elongation, ultimately yielding mature cell sizes that differ significantly from those of
wt plants (Figs. 1, d and g, S4, d to h).

Figure 9
PSY1 treatment alters auxin-induced gene expression in the stele. a and b) Activity of the auxin response reporter line,
DR5v2:n3GFP (yellow) in 6-d-old roots grown in the presence or absence of 100 nm PSY1 (a) and in psy! compared with wt (b).
(Left) Longitudinal cross-sections of the roots; organ boundaries are marked by white dashed lines. (Right) Magnified images of
DR5v2::n3GFP expression in the stele in the DZ are highlighted by a red box (3,000 to 3,500 ym from the QC). c and d) Changes
in DR5v2::n3GFP expression in response to PSY 1 treatment (c) and psy background (d) in the stele along the root longitudinal
axis from the QC (0 ym) to the DZ (3,500 pm). The sizes of the different developmental zones measured in the root cortex are
depicted in blue and pink for plants grown without and with PSY1 (c) and in blue and green for wt compared with psy! (d),
respectively. In (c and d), fluorescence intensity is plotted as a fold change relative to the control. The data shown are box and
whisker plots combined with scatter plots; each dot represents an independent seedling measurement. The box spans the
interquartile range (25th to 75th percentiles), the center line denotes the median, and whiskers extend to the smallest and largest
observed values. Representative images of 4 independent experiments (2= 8 to 12 seedlings/experiment) are shown. P-values are
calculated by a 2-tailed Student's #test. For presentation purposes, images in (a) and (b) were placed on a uniform background to
standardize panel shape. Individual tiles were acquired and then combined using the LSCM merging function to generate the final
complete root images in (a) and (b).[AQ33][AQ34][AQ35]
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Discussion

Root zonation is the spatial arrangement of the cells along the root longitudinal axis, reflecting the balance between cellular growth and
maturation (Fig. 1a, left side of the panel). The sustained growth of the root requires these processes to be tightly coordinated. Previous
studies have shown that several phytohormone and peptide signaling pathways regulate the establishment of boundaries that separate
cells in different developmental stages in the root, therefore controlling root zonation (Hsiao and Yamada 2021;
Zluhan-Martinez et al. 2021). Here, we demonstrate that the peptide hormone PLANT PEPTIDE CONTAINING SULFATED
TYROSINE 1 (PSY1) signals the developmental-specific accumulation of flavonols to reshape root zonation by promoting enhanced
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cell elongation with a shootward displacement of characteristics common to mature cells. A schematic summary of these effects is

presented in Fig. 10.

Figure 10
A diagram summarizing the observed effects of increased levels of PSY 1 in the root. Accumulation of PSY 1 is correlated with
enhanced root growth, primarily via a significant increase in mature cell size. Moreover, in plants with elevated PSY1 levels,
morphological changes associated with cell differentiation, such as root hair initiation, are observed further away from the root tip.
Our results suggest that PSY 1 activates flavonol biosynthesis in the DZ and promotes the accumulation of various flavonol
glycosides in root exudates. Notably, these secondary metabolites are required for the PSY 1-mediated reduction of H,O, levels in
the epidermis of both the EZ and DZ. Additionally, we observed a concurrent decrease in auxin-induced gene expression within
the DZ stele. In the figures, purple arrowheads indicate the position of the QC, the pale orange arrowheads mark the end of the

meristem, where cells start to elongate, and the magenta arrowheads mark the end of the EZ, as defined by the emergence of root

hairs.[AQ36][AQ37]
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The PSY family has been shown to participate in the control of cortical mature cell size in Arabidopsis primary roots (Amano et al. 2007;
Ogawa-Ohnishi et al. 2022). Despite recent progress in characterizing the LRR-RLKSs involved in peptide perception, the biological
processes triggered by PSYs remain largely unexplored. In this study, we focused on one of the members of this family, PSY1. We



started by investigating the function of PSY1 in root zonation based on a detailed cell length profile analysis (Fig. 1d). We observed that
psyl mutants have shorter mature cells in both the root cortex and epidermis, leading to reduced root growth (Fig. 1, h and k).
Additionally, we found that defining mature cell features, such as root hair initiation and deposition of secondary cell wall in the
protoxylem, which marks the cessation of rapid cell elongation (Le et al. 2004; Li et al. 2022), emerged closer to the root tip in psy/
plants than in wt plants (Fig. 1, i to m). These phenotypes could be reversed when synthetic PSY1 is supplemented exogenously and are
also observed in psyrl,2,3 triple mutant, which is insensitive to PSY1 treatment (Figs. 1,1ito m and S6; Ogawa-Ohnishi et al. 2022).
Overall, PSY 1 signaling regulates root growth by modulating the magnitude that cells elongate before reaching their final, differentiated

size.

Given that our analysis is based on cell length, without specific data on growth rates, the exact effect of PSY1 on these observed
phenotypes remains to be fully understood. It is possible that PSY 1 signaling is (i) controlling the maximum cellular growth rate, which
is the speed at which cells elongate before leaving the rapid growth region; (ii) determining the onset of growth cessation or the position
at which the cellular growth rate began to decrease shootward in the EZ; or (iii) influencing a combination of both. Finally, it is worth
noting that the overall progression to the root maturation was affected by PSY1 signaling, including tissues such as the epidermis where
the expression of PSY/ promoter was barely detected (Figs. 1a and S1, b and d). This observation aligns with the secreted and diffusible
nature of these peptides, potentially creating a gradient from their site of synthesis. Consequently, the expression pattern of
ProPS'Y 1-GFP might not accurately represent the regions where PSY1 is active and perceived by its extracellular receptors which exhibit
broad expression across Arabidopsis root tissues(Ogawa-Ohnishi et al. 2022; Wang et al. 2022; Fig. S2).

The role of PSY1 in controlling developmental transitions was previously described at the onset of the embryo-to-seedling transition,
which is associated with the establishment of a well-sealed cuticle required for an aerial lifestyle. In the model proposed by De Giorgi et
al. (2021), tyrosine-sulfated peptides, including PSY1, are released toward the embryo as part of the endosperm secretome to signal the
formation of the seedling cuticle. In agreement with this model, psy/ and endosperm-less seedlings had higher toluidine blue O uptake in
cotyledons, suggesting cuticle defects in these plants (De Giorgi et al. 2021). Transcriptomic analysis revealed that in the presence of
light, GO categories such as flavonoid and glucosinolate biosynthetic processes were enriched among repressed genes in endosperm-less
seedlings relative to wt (De Giorgi et al. 2021). If we consider the lack of endosperm as a proxy for reduced PSY1 signaling in the
developing seedling, this analysis supports a role for PSY1 in controlling the onset of the embryo-to-seedling transition through the

expression of genes involved in specialized metabolite biosynthesis.

The transcriptomic data generated in this study revealed that synthetic PSY 1 treatment of Arabidopsis seedling roots increased expression
of genes in the phenylpropanoid and flavonoid biosynthetic pathways (Fig. 3 and Data Set S1). Similarly, the triple PSY receptor mutant
(psyrl,2,3 or tri-1) also exhibited increased expression of genes that encode flavonol biosynthetic enzymes (Fig. S8e; Wang et al. 2022).
Consistent with these results, psyrl,2,3 and PSY1 overexpression plants both developed longer roots (Figs. S4, b and c, S6, a and b;

Ogawa-Ohnishi et al. 2022; Wang et al. 2022). It is worth noting that more flavonol pathway genes are differentially expressed in the
triple receptor mutant compared with our synthetic PSY1 treatment. For example, in the FLAVONOL SYNTHASE (FLS),
4-COUMARATE: COA LIGASE (4CL), and PHENYLALANINE AMMONIA-LYASE (PAL) gene families, only one isoform was
activated by PSY1 treatment, while multiple isoforms were upregulated in the triple receptor mutant. Also,
O-METHYLTRANSFERASE 1 (OMTI), involved in the methylation of flavonols to generate isorhamnetin (Saito et al. 2013), for
which we did not find changes after PSY 1 synthetic treatment, is activated in the triple receptor mutant background, indicating that PSY
genes may also regulate the accumulation of isorhamnetin scaffolds. In support of this hypothesis, root exudates collected from
PSY 1-treated wt seedlings showed significant enrichment of features identified as isorhamnetin and isorhamnetin-3-O-rutinoside using
targeted metabolomic analysis (Data Sets S9 and S10). The metabolomic data supporting these results were obtained from root exudates.
Future work will examine root tissue metabolites, which would further support our results. Accumulation of flavonoids is also observed
in the exudate of rice plants that accumulate higher levels of OsPSY (Shi et al. 2026). KEGG pathway analysis of the triple PSYR
mutant also revealed enrichment for genes that participate in glucosinolate biosynthesis, including glucosinolates derived from
methionine and aromatic amino acids, which were not detected in the PSY1 treatment (Fig. S8e). The crosstalk between glucosinolate
biosynthesis and flavonols has been recently explored by Naik et al. (2024) as part of an effort to understand the molecular mechanisms
underlying the ability of flavonols to control plant development. Transcriptomic and targeted metabolomic analysis hint at flavonols
promoting the accumulation of aliphatic glucosinolates (Naik et al. 2024). Although our study did not assess changes in glucosinolate
biosynthetic enzymes, it would be interesting to test if PSY1 affects this metabolic pathway using root samples generated after longer
PSY1 synthetic treatment or in the psy mutant.

It was recently shown that CLE-LIKE6 (CLEL6), a member of a different family of small tyrosine-sulfated peptides, inhibits the
biosynthesis of anthocyanin, another type of flavonoid (Biihler et al. 2023) . CLEL6 expression in the hypocotyl decreases during
photomorphogenesis, which activates anthocyanin biosynthesis genes and leads to pigment accumulation. These pigments help regulate
ROS levels and facilitate seedling development during de-etiolation (Biihler et al. 2023). The contrasting effects of PSY1 and CLEL6
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may be due to tight spatial control of flavonoid enzyme gene expression, which allows only flavonols, not anthocyanins, to accumulate
in roots. In support of this idea, we found that PSY1 upregulates MYB12, a flavonol-specific flavonoid regulator (Stracke et al. 2007),
but does not affect PRODUCTION OF ANTHOCYANIN PIGMENT]! (PAPI), which controls late anthocyanin biosynthesis genes (
Fig. 4 and Data Set S1; Xie et al. 2006). On the other hand, exogenous postharvest application of PHYTOSULFOKINE (PSK) has
been shown to delay senescence and promote the accumulation of flavonoids and phenylpropanoids in strawberry fruit by activating key
biosynthetic enzymes, including PAL and CHS (Aghdam et al. 2021). These findings suggest that PSY and PSK signaling may
converge on common redox- and flavonoid-associated pathways to coordinate growth and postharvest responses, highlighting the

broader integration of sulfated peptide signaling and plant metabolism.

The results presented in this paper shed light on how flavonols accumulate in a developmental zone-specific manner during root
development. One of the few examples of a root growth modulator affecting the flavonoid pathway is the transcription factor WRKY23 (
Grunewald et al. 2012). Specifically, WRKY?23 induces FLA VONOID 3-HYDROXYLASE (F3’H) expression to negatively influence
auxin transport from the shoot to the root. Overexpression of WRKY?23 leads to higher flavonol levels in the whole root, including TZ
and DZ, reducing rootward auxin transport and causing root tip disorganization. Accumulation of flavonols in the TZ has also been
studied in detail by Silva-Navas et al. (2016). In this case, flavonols reduce auxin activity in the MZ and decrease PLT gene expression,
providing a mechanism to explain their role as inhibitors of root growth. Given that PSY 1-induced root growth requires the activation of
flavonoid biosynthetic enzymes and flavonol accumulation, specifically in the DZ as detected by DPBA staining, we surmised that the
effect of flavonols on root growth depends on where they accumulate within the root. To test this hypothesis, we used fpst-1, a mutant in
which synthetic flavonol treatment does not modify MZ size. Because fpst-I plants have a shorter MZ (Matsuzaki et al. 2010;

Yamada et al. 2020), as a result of decreased PLT protein stability, it is possible that any additional increase in flavonol levels will not
further inhibit meristematic activity. Complementation of cell elongation defects in fpst-I by naringenin likely reflects the effects of
flavonols in the DZ, phenocopying the effects of the PSY1 signaling pathway (Figs. 7 and S16, c and d).

Auxin-induced gene expression measurement using a response reporter line (DR5v2:3nGFP) showed a marked reduction at 1,500 ym
from the QC between PSY 1-treated roots as compared with untreated roots (Fig. 9, a and c¢). This point coincides with the location
where cortical cells of untreated plants stop growing whereas cells continue to elongate in PSY 1-treated plants (Figs. 1d, S4d and S5d).
We also observed a significant increase in the activity of DR35v2:3nGFP in the DZ in the psy! genetic background (Fig. 9, b and d). We
hypothesize that changes in flavonol accumulation in the DZ in response to PSY modifies auxin transport from the shoot, resulting in
changes in auxin activity in the EZ. Moreover, the extended elongation phase observed in plants with high PSY1 levels might be due to
a delayed onset of growth cessation. It is known that the cell wall-altering properties of cytokinin requires an increase of auxin levels in
the EZ (Street et al. 2016; Liu et al. 2022).

To further test whether flavonoids are required for PSY signaling, we crossed the psyrl,2,3 triple receptor mutant with the
flavonoid-deficient allele #4-11, generating a quadruple mutant (psyrl,2,3 x tt4-11). These genetic interactions indicated that flavonoid
accumulation is required for PSY signaling mediated by PSYR receptors (Fig. S15). However, the fact that the psyr1,2,3 x tt4-11 mutant
does not fully phenocopy t4-11 suggests that flavonoids are not the only downstream components contributing to PSY responses.
Consistent with this, transcriptomic analysis revealed enrichment of additional signaling pathways among the downregulated KEGG
categories, including the “MAPK signaling pathway” and “plant hormone signal transduction” (Fig. 3e and Data Set S1). The transcripts
related to these pathways included PYL4, PYL5, and PYL6, which are members of the PYRABACTIN RESISTANCEI]
(PYRI1)/PYR I-like (PYL)YREGULATORY COMPONENTS OF ABA RECEPTOR (RCAR) family of proteins involved in ABA
perception (Zhao et al. 2018). Also, the I—AMINOCYCLOPROPANE-1-CARBOXYLATE (ACC) OXIDASE 1 (ACOI), which
oxidases ACC to ethylene (Markakis et al. 2012), was downregulated. It is known that ABA and ethylene signals are integrated to
mediate root growth inhibition (Luo et al. 2014). PSY1 suppression of these hormonal pathways is consistent with the shootward
displacement of differentiation signs. Thus, genetic interactions between PSY1 and ABA and ethylene pathways can be assessed for

their effects on the transition from active growth to differentiation.

Although it has been shown that the PSY-PSYR signaling pathway mediates the trade-off between growth and stress responses in
various plant species (Ogawa-Ohnishi et al. 2022), the specific roles of each PSY peptide and PSYR in this process remain largely
unknown. Our results show that PSY1 may act as a repressor of growth cessation through modulation of flavonols, which are known to
control plant growth and stress responses by acting as ROS scavengers (Taylor and Grotewold 2005; Brunetti et al. 2018). In roots
flavonols modulate ROS to control root hair formation (Daryanavard et al. 2023). In the proposed model, cortical cells that accumulate
flavonols exhibit low ROS levels, whereas trichoblasts display higher ROS levels and reduced flavonol accumulation. In #4 mutants,
which lack flavonol biosynthesis, root hairs develop closer to the root tip, and there is a higher frequency of trichoblast cells (
Gayomba and Muday 2020). Together, these results support a model in which flavonols modulate root hair formation by spatially
controlling ROS in the Arabidopsis root epidermis. We observed that in plants ectopically accumulating PSY1, there was a shootward
displacement in root hair development (Fig. S4, i to k), and this phenotype was absent when PSY1 was overexpressed in a background
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deficient in flavonoid accumulation (Figs. 6e and S13g). In agreement with these phenotypes, we found that increased PSY1 signaling
reduced H,O, levels in the EZ, an effect that was lost in #4-11 mutant background, which does not produce flavonoids (Fig. 8, c and d).

Altogether, our findings establish a mechanistic link between tyrosine-sulfated peptide signaling and spatial reprogramming of flavonol

biosynthesis that governs root development in Arabidopsis (Fig. 10).

Materials and methods

Plant materials, growth conditions, and treatments

A. thaliana accession Col-0 was used throughout this study as the wt background, unless otherwise indicated. See Tables S1 and S2 for a
full list and description of the mutants and reporter lines utilized in this study. Seeds were surface sterilized using 70% ethanol for 10 min
and then rinsed 3 times with absolute ethanol. Seeds were stratified in 0.1% agarose at 4 °C for 3 d before germination. Plates were
prepared with standard MS medium (1X Murashige and Skoog salt mixture with vitamins, MSP09-Caisson Laboratories), 1% sucrose,
and 0.3% gellan gum (G024-Caisson-Gelzan) and adjusted to pH 5.65 with KOH. Seeds were placed on the plates (20 seeds per plate),
and the lids were secured with Micropore surgical tape (1530-0). Seedlings were grown in vertically positioned plates in a chamber with
long photoperiods (16 h light/8 h dark) at 21 °C. Germination rate was scored in every experiment, and no significant differences

between genotypes and treatments were observed.

For synthetic peptide treatments, peptide (or water for untreated plants) was added to the MS media before pouring it into a plate. The
length and concentration of the peptide treatment are specified in the figure legends. Seedlings were either germinated on media or
moved after germination to treatment plates. All peptides used in the experiments are tyrosine sulfated. The synthetic PSY1 peptide lacks
the hydroxy- and L-Ara3- modifications at the C-terminus and was obtained from Pacific Inmunology (Ramona, CA, USA). RGF1 was
obtained from Peptide 2.0 (Chantilly, VA, USA). Peptides were diluted in ddH,O to a final concentration of 1 mM. For synthetic
flavonoid treatments, plants were grown on 1X MS media prepared as described above for 5 d and subsequently moved to 1x MS
medium containing different concentrations of naringenin or ethanol (mock treatment) for 48 h. Stock solutions of naringenin (Indofine
Chemical Company) were freshly prepared to a final concentration of 100 mm in absolute ethanol. For each experiment, MS media was

freshly prepared and cooled for 1 h in a 55 to 60 °C water bath after autoclaving before adding chemicals.

Cloning and generation of transgenic lines

DNA constructs were created with the Gateway cloning technology (Karimi et al. 2007). The genomic PSY1 sequence and the 1,200 pb
PSY 1-promoter, including the 5’UTR, were amplified using the primers described in Table S3. These sequences were then recombined
with pENTR/D-TOPO (Invitrogen, Cat#45-0218) to yield pTOPO_PSY1 and pTOPO_ProPSY 1. The latter vectors were used in a
Gateway LR cloning (Gateway LR Clonase II Plus Enzyme Mix, Invitrogen; Cat#12538-120) with pEarleyGate100 (Earley et al. 2006)
and pGWB504 (Nakagawa et al. 2007) to yield Pro35S:PSY1 and ProPSY I:GFP constructs. The generated vectors were transferred to
Agrobacterium tumefaciens strain GV3101, which was used in floral dip transformations. Pro355:PSY1 and pEarleyGate100 (EV)
transformants were obtained in Col-0, t4-11, tt5-2, tt7-7, myb12, and Col-0 expressing the construct pCYCBI1;1:GFP. ProPSY 1:GFP

lines were generated in Col-0.

Analysis of root growth

For root elongation measurements, seedlings were grown vertically for 6 to 7 d, depending on the experiment. Starting from day 3 after
sowing until the end of the experiment, a dot was drawn at the position of the root tip. Finally, plates were photographed, and the root
length was measured over time with Fiji Is Just ImageJ (Schindelin et al. 2012). Root growth rate, expressed in millimeters per hour, was
estimated from root length (millimeters) vs. plant age (days after sowing) plots.

Six or 7-d-old seedlings were imaged under a bright field using a Zeiss Discovery 20 equipped with an Axiocam 506 color camera. The
picture was taken to highlight the appearance of the first root hair bulge, defined as the first observed root hair in stage +2 (
Denninger et al. 2019). In addition, the distance between root hairs was assessed in a continuous file of epidermal trichoblasts cells using

Fiji.

Confocal microscopy

Laser scanning confocal microscopy (LSCM) was performed throughout the study using a Plan Apochromat 20x/0.75 CS2 lens on a
Leica TCS SP8 microscope. For all the reporter line analyses, roots were stained with 15 pg/mL propidium iodide (PI) (Sigma), rinsed,
and mounted in water, except for pTCSn::GFP, in which plants were directly mounted without staining. Fluorescence signals were
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visualized after excitation by a 488-nm laser line for GFP, YFP, and PI or by a 448-nm laser line for CFP. The fluorescence emission
was collected between 600 and 700 nm for PI, 495 and 555 nm for GFP and YFP, and 465 and 570 nm for GFP. Fluorescence intensity
measurements for ProPLT1:CFP and ProPLTI1:PLT1:YFP were performed as described in Ercoli et al. (2018). For ProPSY1:GFP,
ProCHS:CHS-GFP, ProFLS1:FLS1-GFP, pTCSn::GFP, and DR5v2::n3GFP, sum intensity projections were generated from 30
z-section images taken in different locations along the root longitudinal axis. After removing the background, the average GFP intensity
was measured, and values were expressed as a fold change relative to the control plants. The fluorescence signal was only measured in
the stele for the auxin response reporter line DR5v2::n3GFP. pTCSn::GFP seedlings were 5 d post-germination at the time of the transfer
to plates containing either mock or PSY1 synthetic peptide. The gain for GFP acquisition in ProPSY 1:GFP analysis was set to avoid
saturation in the DZ.

For combined cell wall and lignin staining, seedling fixation and staining were performed using an adapted ClearSee protocol (
Ursache et al. 2018). Briefly, 6 or 7-d-old seedlings were fixed for 1 h at room temperature in 10% neutral buffered formalin in PBS,
using 6-well plates, then washed 5 times for 1 min with PBS 1X. Once fixed, seedlings were cleared in ClearSee solution for at least 24 h
under mild shaking. Fixed and cleared samples were incubated overnight in a ClearSee solution supplemented with 0.2% Basic Fuchsin
and 0.1% Calcofluor White. After 12 h, the staining solution was removed, and samples were rinsed once in fresh ClearSee solution,
then washed twice for at least 120 min in a renewed ClearSee solution with gentle shaking. Roots were carefully placed on a microscope
slide with ClearSee and covered with a coverslip. Excitation and detection windows were set as follows: Basic Fuchsin excitation at
552 nm and detection between 600 and 650 nm, Calcofluor white for excitation at 405 nm, and detection between 415 and 570 nm.
Central longitudinal section images were acquired to generate a cell length profile by measuring the length of every consecutive cortical
cell located from the QC until the DZ for each plant. MZ length is defined as the region of isodiametric cells from the QC up to the cell
that was twice the length of the immediately preceding cell and was determined according to the file of cortical cells (Ioio et al. 2008).
Mature cortical cell length was assessed in 10 consecutive cells, starting 6 cells above the cortical cell closest to the epidermal cell with
the first root hair bulge (Cajero Sanchez et al. 2018).

DPBA staining

We analyzed flavonols accumulation in roots using the probe DPBA as described in (Lewis et al. 2011), which allows for distinct
visualization of kaempferol DPBA (K-DPBA) and quercetin DPBA (Q-DPBA) using LSCM. Briefly, individual seedlings were stained
in 0.25% w/v DPBA (Sigma-Aldrich), which was dissolved in 0.01% Triton-X (v/v) in water on a rotary shaker at low speed for 7 min.
The roots were washed in deionized water for 7 min on the same shaker and mounted in deionized water for imaging. Fluorescence
signals were visualized after excitation by a 448 nm laser line, and the emission spectra were captured between 475 to 504 nm for
K-DPBA and 577 to 619 nm for Q-DPBA. The specificity of the signal was tested using #4-11, which does not produce flavonols,
grown with and without synthetic naringenin, the precursor that #4-11 is unable to synthesize (Fig. S9). All the images were acquired
using identical settings, except for the laser intensity and digital gain that were increased for imaging in the DZ. To generate the plot
profiles in Fig. 4j, in which all developmental zones are imaged together, the gain was set to avoid saturation in the TZ and DZ. Sum
intensity projections were generated from about 30 z-section images taken in different locations along the root longitudinal axis. After
removing the background, the average intensity of K-DPBA and Q-DPBA was measured, and values were expressed as a fold change

relative to the control plants.

ROS detection

ROS quantification was performed as described in Yamada et al. (2020). Briefly, for superoxide anion (02_ ) quantification, 7-d-old
seedlings were stained for 15 min in a solution of 200 pm NBT in 20 mmM phosphate buffer (pH 6.1) in the dark and rinsed twice with
distilled water. Images for NBT staining were obtained using a 20X objective using a Leica DFC7000 T Camera. The total intensities of
NBT staining in the MZ were measured using Fiji (Schindelin et al. 2012). To detect hydrogen peroxide, we incubated 6-d-old seedlings
with H,0,-3"-O-acetyl-6'O-pentafluorobenzenesulfonyl-2’-7’-difluorofluorescein-Ac (BES-H,0,-Ac) (Maeda et al. 2004) (WAKO)

50 v for 30 min in the dark, then mounted them in 10 mg mL~! PI in water. Roots were observed using a 20X objective with the
LSCM. Excitation and detection windows were set as follows: BES-H,0,-Ac, excitation at 488 nm and detection at 500 to 550 nm; PI

staining, excitation at 488 nm, and detection at 600 to 700 nm. Central longitudinal section images were acquired to quantify
BES-H,0,-Ac in the root epidermis from the QC until the DZ. The BES-H,0,-Ac intensity as a plot profile for fifteen seedlings was

generated as described in Ercoli et al. (2018) and averaged for final representation.

Total RNA extraction and library preparation

Col-0 seedlings were grown on a permeable membrane placed on a clear agar MS. Five-days post-germination, seedlings were
transferred to a control medium or medium containing PSY1 (50 nm) by moving the membrane to the selected media. After 4 h, the root
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tip from each seedling was dissected using an ophthalmic scalpel. For each treatment, 3 replicates of 200 root sections were generated.
We extracted total RNA from the samples using Spectrum Plant Total RNA kit (Sigma). RNA samples were treated with DNase I
during RNA extraction. RNA quality was examined using a 2100 Bioanalyzer (Agilent). The concentration of total RNA was measured
by a Qubit (Invitrogen) instrument. mRNA was isolated from an input of 1,000 ng of total RNA with oligo dT magnetic beads and
fragmented to 300 to 400 bp with divalent cations at a high temperature. Using TruSeq stranded mRNA kit (Illumina), the fragmented
mRNA was reverse transcribed to create the first strand of cDNA with random hexamers and SuperScript II Reverse Transcriptase
(Thermo Fisher Scientific) followed by second strand synthesis. The double-stranded cDNA fragments were treated with A-tailing
ligation with JGI's unique dual indexed adapters (IDT) and enriched using 8 cycles of PCR. The prepared libraries were quantified using
KAPA Biosystems’ next-generation sequencing library gPCR kit and run on a Roche LightCycler 480 real-time PCR instrument.
Sequencing of the flowcell was performed on the Illumina NextSeq500 sequencer using NextSeq500 NextSeq HO kits, v2, following a
2 % 151 indexed run recipe.

Differential expression analysis after PSY1 treatment

Raw fastq file reads were filtered and trimmed using the JGI QC pipeline, resulting in the filtered fastq file (*.filter-RNA.gz files). Using
BBDuk (https://sourceforge.net/projects/bbmap/), raw reads were evaluated for artifact sequence by kmer matching (kmer=25), allowing
1 mismatch, and detected artifact was trimmed from the 3’ end of the reads. RNA spike-in reads, PhiX reads, and reads containing any
Ns were removed. Quality trimming was performed using the phred trimming method set at Q6. Finally, following trimming, reads under
the length threshold were removed (minimum length 25 bases or 1/3 of the original read length—whichever is longer). Filtered reads
from each library were aligned to the TAIR10 Arabidopsis genome using HISAT2 version 2.1.0 (Kim et al. 2015). featureCounts (
Liao et al. 2014) was used to generate the raw gene counts using gff3 annotations. Only primary hits assigned to the reverse strand were
included in the raw gene counts (-s 2 -p --primary options). EdgeR (version 3.30.3) (Robinson et al. 2010) was subsequently used to
determine which genes were differentially expressed between pairs of conditions. Genes with a false discovery rate (FDR)-adjusted
P<0.05 were regarded as differentially expressed between the PSY and mock treatment.

The gene expression data for the longitudinal and radial roots was obtained from (Brady et al. 2007). Genes identified as differentially
expressed following PSY1 treatment were mapped to this dataset using their Arabidopsis gene identifiers. An in-house R script was
developed to generate heatmaps using the extracted spatial expression values. The script utilized the Elbow and Silhouette methods to
determine the appropriate number of clusters. After analyzing the data using both methods, we identified that the optimal number of
clusters is 4.

The enriched GO groups among differentially expressed genes were identified using Panther DB (Mi et al. 2019), while the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) (Sherman et al. 2022) (https://david.ncifcrf.gov/[AQ11]) was used for
the KEGG pathway enrichment analysis. For the comprehensive analysis of single-cell gene expression across specific time zones and
cell types (Shahan et al. 2022), expression data was sourced from the Arabidopsis Root Virtual Expression eXplorer (ARVEX),
accessible at https://shiny.mdc-berlin.de/ARVEX/. For each gene of interest, data was extracted to pinpoint both the temporal zone and
cell type specificity. To determine the average normalized gene expression value, we averaged the expression levels of each gene within
the designated time zones and cell types. Furthermore, we quantified the extent of gene expression in each cell population. This was
achieved by calculating the proportion of cells expressing a particular gene, which divided the number of cells exhibiting expression by
the total cell count. GO, KEGG, and single-cell RNAseq data visualization was performed using a bubble plot generated utilizing the
ggplot2 package in RStudio (version 2023.09.1 + 494) with R version 3.3.0+ (Wickham 2016). In the bubble plots for GO and KEGG,

the y-axis shows the FDR in a negative Log; scale, whereas the x-axis is fixed, and terms from the same KEGG/GO subtree are located

closer to each other. The size of each circle represents the term Fold Enrichment in the Log ) scale.

Gene expression analysis via RT-qPCR

Total RNA (1 pg) was extracted from whole 7-d-old seedling tissue using TRIzol reagent (Invitrogen) and treated with the TURBO
DNA-free kit (Ambion) to remove residual genomic DNA. cDNA was synthesized using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). The cycle threshold (Ct) value was measured on a Bio-Rad CFX96 Real-Time System coupled
to a C1000 Thermal Cycler (Bio-Rad) using the iTaq Universal SYBR Green Supermix (Bio-Rad). Normalized relative quantities
(NRQs) were obtained using the qBase method (Hellemans et al. 2007), with RPS26E and PAC1 as reference genes for normalization
across samples. NRQ values were normalized to the mean value obtained in wt or control (EV) plants. For the synthetic PSY1
time-course experiment, NRQ values were normalized to the mean value obtained in Mock-0 h. NRQ Melting curve analyses at the end
of the process and “no template controls” were performed to ensure product-specific amplification without primer—dimer artifacts. Primer
sequences are given in Table S3. Three biological replicates were analyzed.
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High-resolution mass spectrometry for accurate mass identification of PSY1

Col-0 and Pro35S:PSY 1 seedlings were germinated on ¥2 MS plates supplemented with 1% (w/v) sucrose. Four-days post-germination,
50 seedlings were transferred into 100 mL of liquid ¥2 MS medium containing 1% (w/v) sucrose and 25 mM CaCl,, and cultured for 14
d without shaking. Culture medium from 2 independent flasks was collected, filtered through 0.22 um pore-size membranes to remove
particulates, and subsequently lyophilized. The dried medium was then resuspended in 20 mL of 1% (v/v) aqueous N-ethylmorpholine
and apoplastic peptides were extracted using o-chlorophenol followed by acetone precipitation as described by
Ogawa-Ohnishi and Matsubayashi (2024). The resulting precipitated peptides were solubilized in 50% aqueous acetonitrile using a
sonicator water bath and lyophilized again. Peptides were then reconstituted in water, ziptipped, and eluted into 10 uL. of 60% aqueous
acetonitrile. Peptide samples were then directly infused into a ThermoScientific Q-Exactive HF Orbitrap mass spectrometer and analyzed
in the negative ionization mode. Data processing and analysis were conducted using the Qualbrowser application of Xcalibur software
(ThermoFisher Scientific).

Arabidopsis root exudate collection

Col-0, psyl, Pro35S:PSY 1 and tt4-11, seedlings were germinated on MS media, 4-d after germination, 4 biological replicates with 50 to
60 uniformly sized seedlings were selected and transferred onto a sterile, permeable membrane that had been pre-laid on fresh MS
medium. For the PSY 1-treated samples, Col-0 seedlings were grown on the membrane 2 d before being transferred for 24 h to either a
control medium or MS medium supplemented with PSY1 (250 nm) by moving the membrane accordingly. Plants were grown for an
additional 3 d on the membrane for the stable line samples. The MS medium associated with the elongation and DZs of the roots was
selected to collect root exudates, and a defined rectangular segment measuring 1 cm X 8 cm was excised from the medium. Control
samples were generated from plates containing the membrane pre-laid on top of MS media, or MS media supplemented with synthetic
PSY1 (250 nMm) without plants. This segment was immediately transferred into a pre-weighed 5 mL Eppendorf tube (Catalog
#0030119401) to ensure accurate determination of the medium weight. Finally, the collected exudate samples were stored at —80 °C
until further analysis.

Liquid chromatography sample preparation

To extract metabolites from media associated with roots and control samples (~2 g agar each), samples were first frozen, lyophilized dry
(FreeZone 2.5 Plus; Labconco), then powderized by bead-beating (MiniBeadbeater96, BioSpec) for 5 s, 2X, using a 3.2 mm stainless
steel bead. Next, 1.5 mL of 100% methanol was added to each powderized agar sample, briefly vortexed, then sonicated in an iced water
bath for 10 min. Samples were centrifuged (5 min, 11,000xg) to pellet debris, supernatant removed, and transferred to a 2 mL
Eppendorf, dried in a SpeedVac (SPD111V; Thermo Fisher Scientific). Next, 1 mL of 100% methanol was added to each dried extract,
briefly vortexed, then sonicated in an iced water bath for 10 min. Samples were centrifuged again, then supernatant removed and
transferred to a 2 mL Eppendorf and dried in a SpeedVac. All dried extracts were stored frozen at —8 0 °C. The same extraction
procedures were followed using empty 5 mL tubes and 2 mL tubes containing synthetic PSY 1 (100 nm) to serve as extraction controls (5
replicates each). In preparation for LC-MS, samples were resuspended in 150 gL of 100% methanol containing a mix of isotopically
labeled internal standards.

LC-MS/MS untargeted metabolomics analysis

Samples were run using both normal and reverse phase chromatography. Each of these was performed using an Agilent 1290 LC stack,
with MS and MS/MS data collected using an Exploris 120 Orbitrap MS (Thermo Fisher Scientific, San Jose, CA, USA) for normal
phase, and QExactive HF Orbitrap for reverse phase. Mass spectrometer parameters and gradients are provided in this protocols.io
(dx.doi.org/10.17504/protocols.io.kxygxydwkl8j/v1) for normal phase, and this protocols.io
(dx.doi.org/10.17504/protocols.io.ewov19r271r2/v1) for reverse phase. For both normal phase and reverse phase, full MS1 spectra was
collected at 60k resolution in both positive and negative ionization mode, with MS/MS fragmentation data acquired using stepped then
averaged 10, 20, and 40 eV collision energies at 15k resolution. For normal phase, the MS1 m/z range for data collection was 70 to
1,050, while for reverse phase, both m/z 80 to 1,200 and m/z 1,000 to 3,000 were used in separate runs to cover mass ranges for
metabolites and peptides. Samples consisted of 4 biological replicates each and 5 biological replicates for the extraction controls, with
sample injection order randomized by replicate and an injection blank of 100% methanol run between each sample, with the blank
replaced by an injection of internal standard mix every third sample, as well as QC mix every 15 samples. The raw data from the
metabolite LC-MS runs are provided in Data Set S5. For untargeted data analysis, features with 0.8 min < RT < 18.5 min
(polat/HILIC-Z chromatography) and features with 0.5 min < RT < 9.5 min (nonpolar/C18 chromatography), and a maximum peak
height fold-change between sample and extraction controls and MS media samples >4 were selected. For samples in which features were
not detected, we replaced 0 values with %5 of the smallest non-zero value to avoid errors when dividing by 0. We performed a
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Feature-Based Molecular Networking (FBMN) (Nothias et al. 2020) workflow using MZmine-3.7. (Schmid et al. 2023) and Global
Natural Products Social Molecular Networking (GNPS2; http://gnps2.org) (Wang et al. 2016). The MZmine workflow was used to
generate a list of features obtained from extracted ion chromatograms containing chromatographic peaks within a narrow m/z range and
filtered to remove isotopes. For each feature, the most intense fragmentation spectrum was uploaded to GNPS for putative identification
by comparison with mass spectra deposited in the database. We accepted top GNPS annotations with cosine scores of MS/MS spectral
mirror match (MQScore) to library reference of >0.7 (67 features) (Data Set S6). PCA was performed on log;-transformed data with
scaling enabled; the variance explained by the first 2 principal components (PC1 and PC2) was calculated, and the resulting PCA scores
were merged with the corresponding sample metadata. Euclidean distances were then computed on the scaled, logyy-transformed filtered
data, and a permutational multivariate analysis of variance (PERMANOVA) was conducted using adonis2 (999 permutations) to assess
differences between conditions (Oksanen et al. 2001). We calculated the average peak height fold change for each feature (PSY1
treatment vs. mock, or for stables mutant and overexpression lines compared with Col-0 wt). Using Cytoscape software, we conducted
feature-based molecular networking. Flavonoids were identified using the compound classes attributed to identified compounds using
NPClassifier (Kim et al. 2021).

For targeted analysis, compound identification was performed by comparing detected m/z, retention time (RT) and fragmentation pattern
to standards run in-house using the same LC-MS methods and assigning a confidence level based on these criteria (Data Sets S9 and
S10. For each identified compound, the highest level of confidence (Exceeds Level 1) (Sumner et al. 2007)was achieved when the
measured m/z agreed with the expected theoretical m/z with <5 ppm error, detected RT of the feature was within 0.5 min of theoretical,
and fragmentation pattern matched that of the standard. When MSMS was not collected, some compounds were identified based on only
mz and RT (Level 1); mis-matching MSMS would invalidate an identification.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software). The specific statistical tests ran are specified in the
figure legends. Differences were considered to be significant when P< 0.05. The detailed statistical analysis data are shown in Data Set
S11.

Accession numbers

Accession numbers for the major genes and proteins analyzed in this study are listed in Fig. 3b and in Tables S1 and S3.
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